A set of proteins that accumulates late in embryogenesis (Lea proteins) has been hypothesized to have a role in protecting the mature seed against desiccation damage. A possible correlation between their presence and the desiccation tolerant state in soybean seeds (Glycine max L. Chippewa) was tested. Proteins that showed the same temporal pattern of expression as that reported for Lea proteins were identified in the axes of soybean. They were distinct from the known storage proteins and were resistant to heat coagulation. The level of these "maturation" proteins was closely correlated with desiccation tolerance both in the naturally developing and in the germinating seed: increasing at 44 days after flowering, when desiccation tolerance was achieved, and decreasing after 18 hours of imbibition, when desiccation tolerance was lost. During imbibition, 100 micromolar abscisic acid or Polyethylene glycol-6000 (-0.6 megapascals) delayed disappearance of the maturation proteins, loss of desiccation tolerance, and germination. During maturation, desiccation tolerance was prematurely induced when excised seeds were dried slowly but not when seeds were held for an equivalent time at high relative humidity. In contrast, maturation proteins were induced under both conditions. We conclude that maturation proteins may contribute to desiccation tolerance of soybean seeds, though they may not be sufficient to induce tolerance by themselves.
Like sugars, specific proteins are known to accumulate during late seed maturation (4, 12, 15) , and some of these same proteins accumulate during drought stress of vegetative tissue (5, 19) . A role for this class of "late embryogenesis accumulating" (Lea) (9) or "maturation" (25) proteins in protecting against desiccation-induced damage has been proposed (2, 9) but correlations between protein level and desiccation tolerance have been reported only in developing barley seeds (3) .
The aim of this work is to test the correlation between levels of proteins that show this temporal pattern of expression (herein referred to as maturation proteins) and the desiccation tolerant state in soybeans (Glycine max [L.] Chippewa). Seeds gain and lose the ability to tolerate desiccation at identifiable points during maturation (3, 7) and germination (16) . We have examined an array of proteins in soybean characterized by stability to heat coagulation, a characteristic of hydrophilic, ABA-responsive proteins (14, 23) . We report here that the occurrence of certain of these proteins is correlated with desiccation tolerance in naturally maturing and germinating tissue. The levels of these maturation proteins can be experimentally manipulated by ABA or osmotic stress during imbibition as well as by premature drying during development. Their presence in all desiccation tolerant soybean tissue is consistent with a possible role in conferring tolerance.
MATERIALS AND METHODS
We are interested in the mechanisms that confer to seeds the ability to survive extreme desiccation. Accumulation of certain sugars, a characteristic of most mature seeds (1, 16) appears to be central to the development of desiccation tolerance. The hydroxyl constituents of the sugars are thought to replace the hydration shell around membranes and so prevent their structural damage as water is removed (6) . Sugars also facilitate vitrification, and thus avoid the damage caused by crystallization as water is withdrawn (28) .
In addition to sugars, proteins also may have the ability to protect intracellular components during desiccation. Their mechanism of action might be analogous to that proposed for the prevention or repair of aggregates of denatured proteins by some heat-shock proteins (22) . Proteins Soybean plants (Glycine max [L.] Chippewa) were greenhouse grown as previously described (20) . Developing seeds were removed from pods and surface-sterilized. Their age (DAF) was determined by morphological and fresh weight criteria (26) .
H20 for 6 h prior to transfer to PEG. Seeds were removed from the moist germination paper at specified times.
Desiccation Tolerance Test
To test the ability of seeds to tolerate desiccation, they were dried over a saturated LiCl solution (RH = 13%) at 25TC. After 6 d, seeds were rehydrated for 24 h in an atmosphere of high RH above, but not touching, wet germination paper for 24 h prior to testing for germination.
Premature Drying Treatments
Developing seeds were excised from the pod at various stages and placed immediately in a Petri dish over saturated filter paper. After surface sterilization in 0.03% hypochlorite for 1 min, they were rapidly rinsed in a large excess of sterile distilled water and blotted dry. They were then subjected to a slow-drying regime or placed in a sealed container over saturated filter paper for an equivalent time as a control. The slow-drying regime consisted of suspending bags of 75 seeds each in a sealed 500 mL jar over saturated salt solutions. After incubation at 25C for 24 h, the seeds were transferred to a jar containing the next lower RH. The saturated salt series used and the RH generated were: KN03 (92.5% RH); Na2CO3 (87% RH); NaCl (75% RH); MgNO3 (51% RH); K2CO3 (45% RH); MgCl2 (32.5% RH). After these treatments, samples of seeds were removed for water content determination and for protein extraction. The remaining seeds were tested for germination with and without desiccation as described above.
Determination of Water Concentration
Water concentration was determined by measuring the difference between fresh and dry seed weights and expressed on a g g-' dry weight basis. For dry weight determination, seeds were dried at 90C for 24 (Fig. lA) . In contrast, when the seeds were not dried but tested directly for germination, more than 80% were capable of germination as early as 34 DAF (Fig. 1A) . Therefore, the stage at which the developing soybeans became desiccation tolerant was between 38 and 44 DAF.
Seeds retained desiccation tolerance through the early hours of germination ( imbibition (concomitant with radicle emergence from the seed coat) redrying caused germination frequency to drop from 67 to 31% and then to decline to 0% at 30 h (Fig. 1B) [11] [12] [13] when tolerance was lost. These proteins were apparent on SDS-gels of total protein extracts and showed the same developmental profile (not shown), but removing the heat coagulable proteins made the changes much more visible. Therefore, their appearance was not due to molecular weight changes during heating nor to developmental changes in the inherent heat stability of the proteins. Thus, we have identified a set of maturation proteins correlated with desiccation tolerance in naturally developing and germinating soybean seeds.
ABA and Osmotic Stress Maintained the Level of Maturation Proteins and Extended the Period of Desiccation Tolerance
Mature soybean seeds were imbibed in 100 ,M ABA, which has been reported to stimulate expression of stress genes as well as to inhibit germination of mature seeds (27) . The presence of ABA during imbibition maintained the level of maturation proteins beyond 18 h (Fig. 3A, arrows) , the time at which the level would have declined in the absence of ABA (Fig. 3A, lanes 10, 12, and 14 versus lanes 9, 11, and 13) . The ability ofthe seed to withstand desiccation was also prolonged up to 36 h of imbibition (Fig. 3B ), in parallel with the elevated levels of heat stable maturation proteins. Germination was also completely prevented during imbibition in 100 ,M ABA but could be completed successfully if seeds were subsequently transferred to water.
Like ABA, a low osmotic potential generated by an aqueous solution of PEG-6000 (-0.6 MPa) during imbibition delayed the normal disappearance of this set of proteins after 18 h (Fig. 4A, lanes 8, 10, and 12 versus lanes 9, 11, and 13) . The heat stable proteins were prominent up to 30 h in the presence of PEG. As with ABA, the presence of PEG in the imbibition medium also maintained desiccation tolerance up to 30 h (Fig. 4B ), in parallel with the presence of the maturation proteins. At 36 h of imbibition, when a proportion of the seeds were observed to have germinated, both the heat stable proteins and desiccation tolerance declined.
Premature Drying Increased the Level of Maturation Proteins and Induced Desiccation Tolerance
Premature drying of seeds has been shown to increase the expression of soybean maturation peptides (25) . Therefore, we tested whether the heat stable maturation proteins and desiccation tolerance could be induced by premature drying of developing seeds. Seeds were removed from the pods at 34, 38, and 44 DAF and subjected to the slow drying regime described in "Materials and Methods." During this slow drying regime, seeds declined in water concentration from their initial value of around 1.70 to 2.00 g g-' dry weight (depending on their stage of maturation) to around 0.80 g g-' dry weight. The heat stable protein profile from the axes (Fig.  5A ) and desiccation tolerance (Fig. SB) (2, 9) , dormancy (23), or transition to seedling growth (24) . Their hydrophilic characteristic has been noted (9) . The formation of these maturation proteins has been shown to be associated with the drying process (25) or with ABA during seed maturation (1 1) .
The experiments reported here tested the hypothesis that heat stable maturation proteins are associated with desiccation tolerance in soybean. This was done by examining correlations between their levels and desiccation tolerance. The increase in the level of maturation proteins in the axis begins at 44 DAF, markedly later than the onset of storage protein deposition (at 18-20 DAF) (18) . This developmental profile resembles that described for Lea proteins (12) . The accumulation of the heat stable maturation proteins was shown to be correlated with the onset of desiccation tolerance during seed development in Figure 2 . Conversely, the disappearance of these same proteins was found to be correlated with the loss of desiccation tolerance during germination and seedling growth.
To further test the correlation between heat stable protein level and desiccation tolerance, we examined the correlation under a variety of experimental conditions. Exogenous ABA enhances expression of Lea proteins in seeds (1 1) as well as in vegetative tissue (5, 19) . Whether endogenous ABA induces expression of these genes in seeds is still debated (4) . ABA also inhibits germination processes (15, 27) . In germinating soybean, ABA maintained the level ofthe maturation proteins after the time that they would normally have disappeared (24 h of imbibition) as shown in Figure 3 . This result is consistent with continued synthesis and/or enhanced stabilization due to the ABA. Desiccation tolerance was maintained concomitant with the high level of heat stable maturation proteins as long as radicle elongation had not yet occurred.
In addition to ABA, osmotic stress during imbibition of pea seeds reportedly delayed the breakdown of maturation proteins as well as radicle emergence (8) . Likewise, such a stress imposed (by PEG) on imbibing soybeans maintained the level of the heat stable maturation proteins (Fig. 4) . In addition, both germination and loss of desiccation tolerance were delayed.
The level of maturation proteins during seed development was increased by detachment from the mother plant and/or alterations in tissue osmotic potential. The increase in the level of maturation proteins occurred regardless of whether the seeds underwent a slow-drying regime or were incubated at high RH over saturated filter paper. The high RH control seeds could have undergone a small decrease in tissue water potential that was not of sufficient magnitude to be detectable by our methods. These results are consistent with those of Rosenberg and Rinne (24) who showed that some proteins associated with seed maturation were synthesized in whole soybeans when they were detached and held at 98% RH. They are also consistent with the possibility of a maternal factor which prevents accumulation of maturation proteins prior to the severance of the vascular connection. Such a maternal factor has been previously implicated in the induction of class II Lea gene expression in cotton (10) .
In contrast to the maturation proteins, desiccation tolerance in developing seeds was induced when seeds underwent the slow-drying regime but not when they were held at high humidity. Therefore, a high level ofmaturation proteins alone was not sufficient to confer desiccation tolerance under these conditions. This does not imply that maturation proteins have no role in desiccation tolerance. On the contrary, the fact that all desiccation tolerant seed tissue examined contained these proteins suggests that they do, indeed, contribute to desicca-tion tolerance. Their inability to confer tolerance independently invokes alternative explanations.
The accumulation of maturation proteins may be only one of several changes required for a seed to become tolerant to extreme desiccation. Indeed, water stress in vegetative tissue can provoke accumulation of metabolites (including sucrose, glycinebetaine, and proline) thought to be involved in osmoregulation (13) . Osmoregulation might also be important for the cessation of seed growth and preparation for desiccation (21, 26, 29) . Certain sugars accumulate at seed maturity (1) and there is evidence that they confer tolerance to desiccation (6, 16) . At these water contents, sugar molecules are thought not only to osmoregulate but also to replace water in the hydration shells around macromolecules (6) or to facilitate vitrification (28) . In support of this hypothesis, we have preliminary evidence that the slow-dried soybean seeds (which are desiccation tolerant) accumulate high levels of stachyose whereas those held at high humidity (which are desiccation intolerant) do not. Thus, sugars, proteins, and other osmoregulators may all be necessary to confer desiccation tolerance.
Other possible reasons that a high level of maturation proteins per se is insufficient to confer desiccation tolerance may include some form of posttranslational processing. For example, it is possible that, in order for maturation proteins to fulfill their function, some change not evident by SDS-gel electrophoresis (e.g. oligomerization, binding to membranes, relocalization, or other posttranslational process) must occur. Slow drying of immature seeds or normal seed maturation may be necessary to bring about these processes. These possibilities are being explored through nondenaturing gel electrophoresis, gel filtration chromatography, and immunocytochemical localization.
Finally, the higher rate and magnitude of the drop in water content that occurs in the high RH control seeds when they are transferred to 13% RH (versus that experienced by the slow-dried seeds) might be lethal rather than the final water content. This seems unlikely, however, because mature seeds which have been imbibed but have not yet germinated can survive a similar drop in their water content without detrimental effects.
Whether maturation proteins are required for germination per se is questionable since seeds of age 34 to 40 DAF lack these proteins but can germinate precociously. Our data indicate that maturation proteins may, at least partially, contribute to desiccation tolerance. They might do so either through fulfillment of a specific role(s) (e.g. by decreasing the chances ofdeleterious intermolecular interactions or by direct stabilizing effects on macromolecules) or as part of a more general function in seed-water interactions.
In summary, our data indicate that the development of desiccation tolerance in soybean seeds is, indeed, associated with an increase in the level of a set of maturation proteins. This association held during natural development and germination, as well as under experimentally manipulated conditions. However, the converse (i.e. that an increase in level of maturation proteins was associated with the development of desiccation tolerance) was found not to be strictly true.
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